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ABSTRACT

A first version is presented of equations for a three-dimensional
model of nutrient and carbon cycling in the oceans. An analytical solution
of these equations has been obtained for a one-and-a-half-dimensional
"pipe"” model. This solution shows that atmospheric CO; can be varied by
changing the level of preformed nutrients. It is suggested that this mech—
anism may explain the lower pCO; values of the last ice age.

INTRODUCTION

We are in the process of developing a three-dimensional model of
nutrient cycling in the oceans. The development of such a model is a two
part task requiring the development of ocean circulation models as well as
the development of techniques for parameterizing biological and chemical
processes. The ocean circulation models that will be used for this study
are tracer—calibrated primitive equation models of the type first developed
by Bryan (1969). Sarmiento (1983) has described some of the tracer cali-
bration work that is being done with these types of model. This brief
account describes our preliminary ideas on how to parameterize the biologi-
cal and chemical processes. Solutions will be given for a simple one-and-
a-half—dimensional model. An analysis of these solutions reveals that
atmospheric CO; concentrations and oceanic O, concentrations are strongly
affected by the level of preformed nutrients in deep water. A new mech-—
anism is suggested for the glacial to interglacial increase of atmospheric
CO,; which requires a change in the level of preformed nutrients. This new
mechanism does not demand the massive changes in oceanic total carbon
alkalinity, and phosphate, required by the Broecker (1982) hypothesis.

This work was completed by mid July 1983. More recent results have
since appeared (Sarmiento and Toggweiler, 1984; Toggweiler and Sarmiento,
1985) and related work by other groups has also been published (Siegen—
thaler and Wenk, 1984; Knox and McElroy, 1984; Wenk and Siegenthaler, 1985;
Ennever and McElroy, 1985).
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NUTRIENT CYCLING EQUATIONS

A full description of these equations with appropriate attributions
will be given in a future paper by Toggweiler and Sarmiento. We owe a
great deal to a variety of studies such as those using sediment traps, on
trace metals and radionuclides, particularly thorium (e.g., Bacon and
Anderson, 1982), nutrient modeling studies such as that of Wyrtki (1962)
and Grill (1970), and the investigation of the Narragansett estuary by
Kremer and Nixon (1978).

The work on thorium and sediment traps suggests the possibility of
treating particles as if they had a biomodal size distribution: small
non-settling particles and large fast-settling particles. There is also
a need for a means of changing one kind of a particle to another, namely,
zooplankton. We thus have three equations governing particulates and
animals:

% = a(gsPs + gLPL) - RPA(T)-A + ADV/DIFF (1)
apP
3t- = B(1 - @)(gsPs + gLPL) - RPI(T) By

- BLPL - w g!: + ADV/DIFF (2)
3Pg '
2t - (1 - B) - a)(gsPs + gLPL) - RPS(T) P

- gsPs + ADV/DIFF (3)

Animals "graze" small and large particles at rates gs and g, respect—
ively. They convert these into biomass with an efficiency a. Of the
remaining material, a fraction B is expelled as large particles, and a
fraction (1 - B) is expelled as small particles. They metabolize at a rate
RPA(T), and the temperature dependence of this rate may be included if
desired. Bacteria metabolize small and large particles at rates RPS(T) and
RPL(T), respectively. Ilarge particles also fall through the water column
at a speed w_.

The advection-diffusion terms take the form
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ADV/DIFF = V.(KVP) - V.VP (&)
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Fig. 1. Schematic diagram of "pipe” model
discussed in text.
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Solutions to these equations can be readily obtained if one ignores
advection/diffusion and assumes steady state:

[ 4
A= RPA(T) (gsPs + gLPL) (5)
_ (1 - a)(1 - B)gPL
Ps = RPS(T) + g5l - (1 - a)(1 - B)] (6)
P_ = PLe-82 (M
where
ae FPL(T) + 8 _ B - ) e RPS(T) + gs
w wL L (RPS(T) + gsl1 - (1 - a)(1 - B)])

The constant P is the large particle concentration at the surface.
The distribution of "animals” and small particles is controlled by the
shape of the large particle curve, which is exponential. The scaling
length for the large particles, 1/a, is estimated by us to be of the order
of 300 m, from sediment trap measurements (e.g., Knauer et al., 1979;
Knauer and Martin, 1981). It should be noted, however, that "a" contains
many terms that may not be independent of depth. We have included
explicitly the possible dependence of respiration rates on temperature.
Suess (1980) has discussed evidence from sediment traps that is consistent
with a decrease in "a" with increasing depth. We could get the same result
by assuming a decrease with depth of respiration or grazing (or both) of
large particles. A decrease in either would be consistent with the sign of
the temperature dependence (Kremer and Nixon, 1978).

The phosphate conservation equation is:

apPo
~33i = rPO4:C(RPA(T)-A + RPS(T)-Pg + RPL(T)-P_)

-rPO4:C-FIXATION + ADV/DIFF (8)

where "PO4:C is the Redfield ratio of phosphate to carbon in organisms.

The fixation term will not be discussed here. We plan to use a formulation
similar to that of Kremer and Nixon (1978), which includes the effects of
light, nutrient supply, and temperature.

The oxygen equation is:
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3t~ = "TO2:C(RPA(T) A + RPS(T)-Ps + RPL(T) PL)

+ r0,:C-FIXATION + GAS EXCHANGE + ADV/DIFF (9)

where T0,:C is the oxygen to carbon ratio in organisms. The other terms
are as explained above.

Solutions to the oxygen and phosphate equations have been obtained for
the "pipe" model depicted in Fig. 1. It is assumed that the vertical eddy
diffusivity, K, and the vertical advection, w, are constant everywhere.

The flux of phosphate into the surface by mixing is balanced by a loss of
phosphate in large particles. The flux of large particles into the bottom-
is balanced by an upward flux of phosphate. The pipe has the same concen—
tration as the surface.
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The solutions are:

_ e
POy = POy, + (P24 - FOMs) H(e e ) (10)
2n
g(ex -1) + i(e'aﬂ - 1)
w a
where (PO4) = [é“?quz]/H
02 = Oz - T02:PO4 (POg4 - POss) (11)

The form of the equations is equivalent to what one would obtain by
assuming that respiration decreases exponentially with depth with a scale
length 1/a. 1Indeed, the solution to the oxygen equation is identical to
the form of the solution obtained by Wyrtki (1962) by assuming that resp—
iration is a simple exponential function of depth.

ANALYSIS OF SOLUTIONS: THE GLACIAL OCEAN

The simplest way to view the foregoing equations is in terms of their
vertical averages:

POy = PO4s + (POs - POss) (12)

02 = 025 - "02:PO4(POs - POss) (13)

ALK = ALK, + 2 rCa:PO4(POg - POss) (14)

ICO; = ECO25 + FLC:PO4(POs - PO4g) (15)

s13C = 813cg + A'3Cpygrp TCorg:PO4 §§Z:£:§gi£] (16)
ICo2

The equations for alkalinity, total carbon, and §73C are included for
purposes of the discussion below. They are obtained as explained for
oxygen and phosphate. The constant "l/a" is larger for CaCO03 than for
nutrients, but this drops out in the averaging process. The only alkalin—

ity variations which are considered are those due to removal or addition of
CacCog3.

Consider the oxygen equation. This shows that the mean oceanic oxygen
levels are determined by the surface oxygen level, the Redfield ratio of
oxygen to phosphate, the total phosphate, and the preformed phosphate,
POsgs. The first column of Table 1 shows that the mean oxygen level of the
oceans and the estimated "preformed" oxygen require quite a high preformed
phosphate level. A lower level of preformed phosphate would result in less
oxygen in the deep ocean.

A similar sensitivity to the preformed nutrient level is seen with the
total carbon and alkalinity. This suggests that one might be able to
control the level of atmospheric CO,; by adjusting the level of preformed
nutrients. The second column of Table 1 gives the results of a calculation
in which the atmospheric CO; was assumed to be 110 ppm lower during the
glacial period. This would probably be considered to be an upper limit
(e.g., Neftel et al., 1982).
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The following equation was used in conjunction with equations (14)
and (15) to estimate the change in preformed phosphate required to give
the appropriate change in atmospheric CO2:

ApCO; _ 4LADCO¢ - 20ALK,
- IG IG
(mgc' AP(DZ) [2( ECOZS - AECOZE) - (ALKg - MLKl )]
2 2 2
ALCOz4 - AALK,
+ I1G I1G
[(ALKS +_6AIKg) _ (£CO,0 + %)] (17)
2 2

The mean oxygen level and preformed phosphate are predicted to be
dramatically lower during the glacial period. The differences between
interglacial and glacial periods for 813Cg and §13C are -0.1 and + 0.7,
respectively, if we assume a change in the mean ocean §13C of 0.7 due to
uptake of carbon by plants and soils, as proposed by Shackleton (1977).

The results agree reasonably well with estimates by Broecker (1982) of +0.1
and +0.7 for A813Cg and A813C (interglacial-glacial), respectively, from
measurements on foraminifera in cores. Our surface §13C can be brought
into agreement with the core estimates by increasing the glacial atmos—
Pheric CO; level by approximately 20 ppm to 220 ppm.

Table 1. Model results for present ocean and an ice age scenario

Present Glacial Difference
Ocean Ocean (interglacial
(1) (2) —glacial)

pCO2 (ppm) 310" 200" 110

O25 (umol kg-1) ~300" ~300" o

o2 (umol kg-1) 168" 50(8) 118

POsg (umol kg-1) 1.1¢8) 0.3(e) 0.8

POy (umol kg-1) 2.2" 2.3% -0.1

813C5-5713C15 (%) 1(b) 1.8 (1.1)¢ -0.8 (-0.1)

813C -513C15 (%) o 0.0%(-0.7)% 0 (0.7)

AlXg (ueq kg™1) 2308¢ 2344€ -36

ALK (ueq kg-1) 2365" 2488*¢ -83

ICO2¢ (umol kg~1) 21064d 20674 39

LCOy; (umol kg-1) 2250" 23294 -79

roz:POg4 = 120 rCorg:PO4 = 105

rca:Pog = 26 A13CpHoTo = -20%.

rLC:POy = 131

See Table 2 for footnotes
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Broecker (1982) proposes that the increase in atmospheric CO,; from
glacial to present is accompanied by a decrease in £CO; and ALK by 6% due
to a loss of carbon and CaCO3 to the sediments. He uses the observed
interglacial to glacial changes in 813C4 and 613C discussed above to
estimate the change in POs that must accompany the carbon addition. Table
2 gives various concentrations required by his scenario using our model.

Table 2. Model results for present ocean and an ice age scenario based on
Broecker's study

Present Glacial Ocean (G)
Ocean (1G)
Our scenario Broecker's scenario
(1) (2) (3)
AIG-G AIG-G
PCO; (ppm) 310" 241%% 69 241(H) 69
025 (pmol kg-1) ~300" ~300* o  ~300" o
7y (umol kg-1) 168" 100(8) 68 62(8) 106
PO4s (umol kg-1) 1.1(8) o0.7te) 0.4 POg-POgg = 1.9(b)++
POg (umol kg-1) 2.2" 2.3% -0.1
813C4-573C15 (%) 1(b) 1.4(b) -0.4 0.9"" 0.1*
(0.7)t (0.3)
873C-873C15 (%) o* ot 0 -0.7™" 0.7°
(-0.7)t (0.7)
T (yr) 1000 5000
ALKgs (ueq kg-1) 2308¢ 2365(c)  -57 2480(¢) -172
ALK (peq kg 1) 2365* 2448+ -83 2579% -214
LCO2g (umol kg-1) 21069 2119(d)  -13 2203(d) -97
LCO2 (umol kg-1) 2250" 2329+ -79 2452# -202

Estimated from observations (Broecker, 1982; Levitus, 1982).

Column (1) x 1.035 to correct for decrease in ocean volume.

} values in parentheses include a correction of -0.7%. based on
benthic foram observations.

From Ajg-g observation and column (1).

Column (1) x 1.095 to correct for decrease in ocean volume (3.52) and
increase in ICO,; and ALK (6%) (Broecker, 1982).

## Taken from column (3).

t+ Our model allows us only to define the value shown. Broecker uses

POg4 = 3.2 umol kg-1,

(a) Equation (13) (d) Equation (15)
(b) Equation (16) (e) Equations (14), (15) and (17)
(¢) Equation (14) (f) Equation (17)
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It also gives results we obtain with our scenario using the glacial
atmospheric CO; level predicted by Broecker's scenario with our model. A
difference between his scenario and ours that is most critical in deter-
mining which is more likely to have occurred is the response time. As the
ice core measurements become more precise, the data may allow the two
scenarios to be differentiated. The disagreement between our 813C, and
Broecker's can be removed by our using a glacial atmospheric CO; level of
approximately 220 ppm, as explained above. Broecker would like the
phosphate level to be 3.2 umo) kg-? in the deep ocean. This is far higher
than our model requires, even using Broecker's scenario. The method for
estimating phosphate from measurements of cadmium (e.g., Boyle and Kegwin,
1982) should help to identify the phosphate concentrations for the glacial
period.

Recent studies have shown that Broecker's scenario of a massive shift
of phosphate did not occur, but that there was a massive shift of £CO; and
thus ALK. The shifts of LCO,; and ALK are not included in the present
study, but are included in the subsequent studies mentioned in the
Introduction.

CONCLUSIONS

A change in the ocean circulation and ventilation patterns during the
glacial period may have led to a decreased level of preformed phosphate,
and this may explain all or part of the change in atmospheric CO; concent-
rations. This scenario has the advantage of not requiring a massive shift
of carbon and nutrients from the shelves to the oceans. It should be
possible to decide between the two scenarios by looking at the record of
cadmium in foraminifera as an indicator of deep ocean phosphate levels, as
well as looking at the time scale of change in COj.

It hardly need be pointed out that a shift in preformed nutrient

lJevels could also have a significant impact on the ocean's capacity to

take up fossil fuel COz, though the time scale of such shifts may be too
long to have a significant impact on a decadal time scale. It is extremely
important for us to gain a deeper understanding of how the level of pre-—
formed nutrients in the oceans is determined and how this can change. An
improved understanding of upper ocean chemical dynamics, particularly in
_deep water formation areas, is crucial.
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